A commonly used strain of Escherichia coli K-12 was shown to be deficient in the transport of a number of nucleosides, including thymidine. Thymine incorporation was unaffected. Strain AB2497 exhibited a strikingly lower thymidine pulse-label incorporation at low (<1 gg/ml) thymidine concentrations than do many other strains. The deficiency appeared to be due to mutation in a single gene. This gene, which we designated nup (for nucleoside uptake), is located at 10 to 13 min on the E. coli linkage map. In nup+ strains, the transport of a given nucleoside was relatively insensitive to large excesses of other nucleosides but was competitively inhibited by the same nucleoside. Mutants deficient in thymidine kinase are deficient in thymidine uptake but normal in deoxyadenosine uptake. A two-step model for nucleoside transport is presented in which the first step, utilizing the nup gene product, is a nonspecific translocation of nucleoside to the interior of the cell. In the second step, the individual nucleosides are modified by cellular enzymes (e.g., nucleoside kinases) to facilitate accumulation.
In recent years, radioactive labeling procedures have become central to the study of nucleic acid synthesis and its regulation. The most commonly used precursors for labeling deoxyribonucleic acid (DNA) in Escherichia coli have been thymine and thymidine, because they are specifically incorporated into DNA. Mutants of E. coli unable to synthesize thymidylate are easily obtained (16, 19) . In principle, the use of such mutants makes it possible to control the specific activity of newly synthesized DNA by simply adjusting the specific activity of exogenously added thymidine. It is important to realize, however, that in experiments which measure short-term incorporation of labeled precursors other factors may be important-the pool sizes of endogenous bases, nucleosides, and nucleotides, the rates of exchange between these pools and the rates of uptake, as well as the points of entry of the exogenous labels.
The pathways for thymidine metabolism in E. coli and the chromosomal locations of genes for the known enzymes involved are shown in Fig. 1 and 2 , respectively. In wild-type E. coli, thymine is not readily incorporated into DNA because of the low levels of deoxyribose-1-phosphate. In Thy-mutants, the level of deoxyribose-i-phosphate is increased due to the breakdown of otherwise unmetabolized deoxyuridine monophosphate (15) . Consequently these mutants will grow on high concentrations (e.g., 50
gg/ml) of thymine. Additional mutations, blocking the breakdown of deoxyribose-1-phosphate (Dra-or Drm-), raise the levels of deoxyribose-1-phosphate further and increase the efficiency of thymine incorporation. Such mutations allow Thy-bacteria to grow normally on concentrations as low as 2 ,ug of thymine per ml. Mutations blocking thymidine phosphorylase (EC 2.4.2.4) render cells unable to incorporate thymine or to degrade thymidine. The genes for thymidine catabolism, along with the gene for purine nucleoside phosphorylase, are grouped in a single operon, the deo operon (1, 20) located between 89 and 90 min on the E. coli linkage map (1) . This operon is catabolite repressible (6, 20) and under the control of at least two other genes, nucR (2, 6, 20) and cytR (6) .
An important factor that may result in differences between-strains in the incorporation of labeled precursors into DNA is the transport of nucleosides and bases from the medium into cells. This may be evident only when low concentrations of precursors are used, and it may give the appearance of altered levels of DNA synthesis. In this paper, we report a mutation in a commonly used strain of E. coli K-12 that affects the transport of a number of nucleosides, including thymidine. Since carrying mutations affecting DNA metabolism (3), we believe that it is important that researchers working with these strains be aware of the consequences of this mutation. We also report studies on specificity and competition in nucleoside transport and we present a simple, two-component model for nucleoside transport in E. coli.
MATERIALS AND METHODS Bacterial strains. All bacterial strains used in this study are derivatives of E. coli K-12 and are listed in Table 1 .
Reagents. The following radioactive chemicals were obtained from New England Nuclear Corp.: [ Unlabeled thiamine-hydrochloride,-thymine, deoxyadenosine, deoxyuridine, and deoxycytidine were obtained from Calbiochem. Unlabeled thymidine and uridine were obtained from Sigma. Casamino Acids (vitamin free) were from Difco. Nalidixic acid (NAL) was a kind gift of Thomas Simon.
Growth conditions. Cells were grown in Tris-(hydroxymethyl)aminomethane (Tris)-salts buffer (7) supplemented with 1% glucose, 0.5% Casamino Acids, and 2 jLg of thiamine-hydrochloride per ml.
In experiments with Thy-bacteria, either thymine (2 Ag/ml) (1.58 x 10-2 mM) or thymidine (3.84 ,ug/ml)(1.58 x 10-2 mM) was added to the growth media. Prelabeling of Thy-cells was done with ['4C]thymine or ['4C]thymidine at a final radioactivity of 0.2 ,uCi/ml. To prelabel with 32P04, Thy+ cells were grown in Tris-salts buffer containing only 5% of the usual amount of phosphate and prelabeled with 32P042-at approximately 0.5 ,uCi/ml. Unlabeled 2-ml cultures were routinely grown overnight with shaking and diluted 1:50 into fresh medium containing prelabel. These cultures were incubated with shaking for 2 h at 37 C and further incubated at 25 C with shaking for at least 90 min. Doubling times at these temperatures are 40 to 45 min and 85 to 90 min, respectively.
Measurements of uptake and incorporation. To measure uptake or incorporation in the absence of thymine or thymidine, the cells were harvested by centrifugation and resuspended in identical medium lacking thymine or thymidine. They were then incubated for a short time (less than 2 min unless otherwise indicated) at 25 C before pulse labeling. Pulse labeling was initiated by the addition of tritiumlabeled compound at the concentration given in the respective figure legends. To measure incorporation of labeled material into DNA, aliquots (0.1 to 0.5 ml) were taken and mixed with equal volumes of a "stop mix" containing 0.4 NaOH, 2% Sarkosyl, 0.02 M ethylenediaminetetraacetic acid, and 0.02 M NaN3 (14) , and DNA was precipitated with 5% trichloroacetic acid and filtered on glass-fiber filters (Whatman GFA). To measure uptake into whole cells, (21) . Also shown are the F' factors used in this study (12 aliquots (0.1 or 0.5 ml) were filtered on Whatman GFA filters or Reeve-Angel glass-fiber filters, and immediately washed with 5 ml of Tris-salts buffer. The filtering and washing process was accomplished in less than 5 s. Filters were dried under infrared lamps and counted in a Packard Tri-Carb scintillation counter using a toluene-based scintillation fluid. Background and counting channel overlap were subtracted, and the ratio of pulse label to prelabel was calculated as a measure of uptake. In all samples, the prelabel radioactivity exceeded 2,000 counts/min. Uptake of thymidine into whole cells was generally studied in the presence of 100 ,ug of NAL per ml. Control experiments indicated that this treatment inhibits DNA synthesis by over 90%. Initial rates of uptake into cells were shown to be the same in the presence or absence of NAL. When competing nucleosides were used, they were added 10 s before the initiation of pulse labeling. Pulse labeling was carried out at 25 C to slow metabolism and to facilitate temperature control by working closer to the ambient temperature. Control experiments not utilizing the shift to 25 C indicated that the conclusions drawn at 25 C were valid for 37 C.
Mapping experiments. Mapping experiments were performed at 37 C following the procedure of Miller (13) . Bacterial matings were stopped by vortexing at high speed for 45 to 60 s. Matings with strains carrying F' factors were carried out in LB broth containing 0.2% glucose. Such matings were allowed to continue for 1 h before vortexing and plating.
RESULTS
Incorporation of thymidine into DNA. While studying intermediates in DNA replication in E. coli, we observed a large difference in the amount of [3H]thymidine incorporated into acid-precipitable material by various thyminerequiring strains after short periods of labeling. This effect was observed at thymidine concentrations of less than 1 ,ug/ml (Fig. 3 ). W3110 and most other strains examined reached maximal levels of incorporation at thymidine con- centrations as low as 0.2 to 0.3 ,ug/ml, whereas strain AB2497 and closely related strains did not reach that level of incorporation until the thymidine concentration was nearly 1 ,g/ml. At such concentrations, both W3110 and AB2497 exhibited similar levels of incorporation, as expected from their similar growth rates at these higher thymidine concentrations. The same results were obtained when thymine was present in the medium at 2 ,tg/ml during pulse labeling.
We were interested in determining whether this difference in incorporation was specific for thymidine or if it also occurred with low thymine concentrations. From Fig. 4 , it is clear that thymine is incorporated with equal efficiency in both strains at all concentrations examined. Thus, the observed difference in incor- poration appears to affect nucleosides rather than bases, and is not simply the result of some difference between these strains in the control of DNA synthesis rates at low levels of nucleic acid precursors. This conclusion is also supported by our observation of this phenomenon in the presence of thymine concentrations that are adequate for maximal growth rates.
We considered the possibility that the lower levels of thymidine pulse incorporation in AB2497 might be due to larger internal pools of thymidine nucleosides. In an attempt to raise pulse incorporation levels in AB2497 by depleting internal pools, we examined the effect of extended periods of thymine deprivation prior to pulse labeling. In Fig. 5 the incorporation after various times of thymine starvation is expressed relative to that with no starvation. As can be seen, the amount of incorporation of thymidine into DNA actually decreased with length of thymine starvation. The percent decrease was nearly identical in W3110 and AB2497, although the level of incorporation in W3110 was always at least 5 to 10 times greater than in AB2497. This decrease occurred in spite of the expected initiation of new growing points upon the readdition of thymidine (18) . The reason for this apparent discrepancy is unclear, but the slower growth rates at 25 C and the low level of exogenously added thymidine may prevent reinitiation during the 3-min period of pulse labeling.
The After various periods ofincubation at 25 C, they were pulse-labeled for 3 min with 0.046 ug of thymidine per ml, and incorporation into acid-precipitable material was measured. Incorporation is expressed as the fraction ofincorporation after zero time ofstarvation. difference in incorporation was observed between isogenic Dra-and Drm-strains, with the Drm-strains showing about twice as much incorporation of thymidine as the Dra-strains. Mutants lacking thymidine phosphorylase showed reduced levels of incorporation unless prestarved for thymidine, possibly because of higher internal thymidine pools. In examining one Tpp-, four independent Drm, and three independent Dra-derivatives of AB1157, we did not observe any deo mutation that increased incorporation of thymidine to the extent obtained with W3110. We conclude that although internal pools are of importance, intermediary metabolism is not responsible for the observed strain differences between W3110 and AB2497. Transport of thymidine. One possible explanation for the observed differences in incorpora- (Fig. 6 ) that W3110 is indeed much more efficient in thymidine transport than is AB2497. This difference is large enough to entirely account for the differences in incorporation of thymidine into acid-precipitable material.
Initial rates of uptake were the same when DNA synthesis was proceeding normally or when it was suppressed over 90% by NAL. We take this to indicate that we are looking at a phenomenon not closely coupled to DNA synthesis. Based upon the following calculation, we conclude that the cells are able to accumulate thymidine against a substantial concentration gradient. Strain PCH37 was pulse-labeled for 180 s in the presence of NAL with [PHlthymidine (10 , .tCi/ml, 0.046 jig/ml). The concentration of cells was roughly 2 x 10#/ml, giving (for 1 ml of medium) a total cell volume of 4 x 10-4 ml. The amount of radioactivity transported into the cells in a 1-ml sample was 5 .86 x 10's counts/min, to give a concentration of [1H]thymidine in cells of 1 .46 x 109 counts/ min per ml. Our counting efficiency was 20%, so there were 7.3 x 109 dpm/ml. The total radioactivity in the medium was 10 gCi/ml or 2.22 x 107 dpm/ml (10 gtCi/ml x 2.22 x 106 dpm/,uCi).
This indicates that the concentration of thymidine within the cells is of the order of 300 times the concentration of thymidine in the medium after 3 ments in which thymidine was absent from growth medium were also performed and gave similar results. Thus the cell constitutents responsible for thymidine transport are normally present in wild-type as well as in Thy-bacteria and they do not require induction or relief from catabolite repression.
The nup-(nucleoside uptake) locus. We developed a simple method to select for Thy-cells that are capable of efficient thymidine transport. The selection is based upon the fact that strains competent for thymidine transport are able to incorporate thymidine into DNA at a maximal rate at thymidine concentrations as low as 0.1 to 0.4 jig/ml, whereas strains deficient in transport are not (Fig. 3) . As a result, Thy-transport-competent cells are capable of forming small colonies on agar plates containing 0.2 Ag/ml of thymidine. This selection has been useful in preliminary genetic studies.
W3110-derived P1 transductants of AB2497 selected for the ability to grow on low-thymidine plates show increased levels of thymidine transport (19 of 19 tested) . This indicates that a relatively small region of the genome (<2 min of the chromosome), possibly only one gene, is responsible for the observed difference between transport-competent and -deficient strains. Since this mutation also appears to affect the transport of a number of nucleosides (Table 2) , we suggest that this locus be designated nup (nucleoside uptake) and that transport-proficient strains designated nup+.
Mating with HfrH and various F's. To determine the approximate position of the nup locus on the E. coli linkage map, AB2497 was mated with a thy-drm-derivative of strain AB259 (HfrH). In such a mating, the nup locus is transferred approximately 5 min after ProA (7.5 min), placing it at about 10 to 13 min on the E. coli linkage map. This conclusion is supported by crosses between AB2497 and strains carrying F' factors covering the region from 87 to 30 min on the E. coli chromosome (12) a The concentrations of nucleosides during pulse labeling were 0.046 gg of thymidine per ml, 0.017 1tg of deoxyadenosine per ml, 0.066 Ag of adenosine per ml and 0.062 ,ug of uridine per ml. Twenty-second pulses were used here, although 40-s labeling gave essentially the same result.
2). F254, covering the region from 9 to 15 min, gave large numbers of recombinants able to grow on low-thymidine plates. This selection with limiting thymidine concentrations resulted in the loss of the F factor and in many cases loss of unselected markers. Ten out of ten recombinants tested showed similarly high levels of thymidine transport. Mating to F' factors on either side of F254 gave levels of growth no higher than background. One other F', F147, did give recombinants able to grow on lowthymidine plates, but the levels of transport in these recombinants were quite variable from isolate to isolate. No further work has been done on these. This phenomenon could be the result of the nucR gene carried by F147 (2) .
Uptake of other nucleosides in nup+ and nup-cells. It seemed possible that the nup gene product might be involved in the transport of a number of nucleosides, and incorporation studies have shown that this is the case ( Table  2) . We conclude from this that the nup mutation affects the transport of ribo-and deoxyribonucleosides with either purine or pyrimidine bases. When nup-cells are converted to nup+ they regain the ability to transport thymidine and other nucleosides ( Table 2) .
Effect of competing nucleosides on transport. The possibility that some portion of the thymidine transport system might show specificity for thymidine was examined (Fig. 8) . In this experiment, various heterologous nucleosides were added in a 20-fold mass excess 10 s before the initiation of pulse labeling. None of the nucleosides gave an inhibition of uptake of greater than about 50%, and those nucleosides that acted as inhibitors gave essentially equal amounts of inhibition. Deoxycytidine gave little or no inhibition of uptake, possibly due to the ability of deoxycytidine nucleotides to act as strong activators of thymidine kinase (see below) (10) . In separate experiments testing inhibition of labeled thymidine uptake by various excesses of unlabeled thymidine, excesses of unlabeled thymidine from 5-to 80-fold gave a reduction in the amount of labeled material incorporated in direct proportion to the amount of the excess.
Experiments to test the effects of competing nucleosides on deoxyadenosine uptake gave comparable results (Table 3) . Deoxycytidine again had little or no effect as an inhibitor of uptake, whereas thymidine gave an inhibition of deoxyadenosine uptake nearly equal to that ofdeoxyadenosine on thymidine. We take these results to indicate that although the nup mutation affects the transport of a number of nucleosides, there is some portion of the transport "Deoxyadenosine concentration during the 1-min pulse was 0.1 /,g/ml.
system that is specific for the transport and accumulation of specific nucleosides.
One class of enzymes known to be nucleoside specific is the nucleoside kinases (11) . A mutant ofE. coli K-12 lacking thymine kinase has been isolated (8) . Using such a mutation (in a W3110-related background) (9), we measured the incorporation of thymidine and deoxyadenosine. It is clear from Table 4 that the thymidine kinase mutation has a drastic effect on thymidine accumulation, but little if any effect on deoxyadenosine incorporation. We conclude from this that the nucleoside transport pathway must consist of at least two parts. One part, which contains the nup product, is involved in the transport of a number of nucleosides. The other portion is responsible for nucleoside specificity. Any model of nucleoside transport must take into account the dual nature of the transport system.
We would like to present a preliminary model of nucleoside transport based upon the data presented in this paper. Our model (Fig. 9) hypothesizes that the nup gene product is part of a relatively nonspecific nucleoside "permease" that is involved in the translocation of nucleosides from the exterior of cells to the interior. This permease has relatively equal affinities for all nucleosides that it fransports and is not easily saturated. This would account for the low but equal amounts of inhibition observed by various competing nucleosides. Coupled to this permease are the nucleoside kinases or other nucleoside metabolism genes. These would account for the nucleoside specificity observed in incorporation and also for the accumulation itself.
There our assay for transport cannot distinguish between transport and accumulation. If back flow of nucleosides out of cells is relatively rapid, the uptake step through the membrane might supply significant energy and still be unable to maintain high internal concentrations, except as nucleosides are metabolized. This could account for the effects of the thymidine kinase mutation. We have suggested that the nucleoside kinases are involved in the accumulation step, but we have only been able to examine a mutant lacking thymidine kinase. There may be other nucleoside-specific proteins in the transport system not observed in our system. Finally, since our measurements of uptake and accumulation of thymidine are dependent on thymidine kinase, precise quantitation of competition with other nucleosides may be difficult to obtain and interpret because deoxycytidine and deoxyadenosine nucleotides are known to be activators of thymidine kinase, deoxycytidine being a much stronger activator than deoxyadenosine (10). Our results emphasize some difficulties in the interpretation of pulse-labeling experiments. The most notable problem is that different strains may show drastically different levels of transport of exogenously added nucleosides. It is especially important to note that strain AB1157 has been used as the parental strain for a large number of commonly used recombination-and repair-deficient strains (3) . The results presented here also indicate that exogenously added nucleosides and bases are present at different concentrations within cells than the medium, and that the intracellular concentrations will change during the early periods of pulse labeling. These concentration differences may explain some of the differences observed between thymine and thymidine during pulse labeling of nascent DNA chains (4, 17, 22) . Since in most strains thymidine is efficiently incorporated into cells, an internal concentration of thymidine sufficient to permit normal DNA synthesis rates will be obtained quite rapidly. Thymine, on the other hand, is not accumulated rapidly enough to allow normal levels of DNA synthesis at low concentrations (Fig. 4) , and is not metabolized for incorporation into DNA nearly as efficiently as thymidine. It seems likely that pulses of thymine give a slower approach to concentrations of deoxythymidine triphosphate sufficient to support normal DNA synthesis. This may affect the relative rates of different steps of DNA synthesis, and lead to the accumulation of a different set of internediates.
